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© Display system utilising light transmitting screen and method of manufacturing same. 

© A television or other display system comprises an optical system arranged to project an enlarged image of a 
r- picture tube or the equivalent onto an image screen comprising a light-transmitting screen incorporating an array 
^of microlenses. 

The light transmitting screen is a layer of photopolymer in which an array of graded refractive index 
CM microlenses has been formed by selective exposure of a corresponding monomer layer to ultraviolet light, for 
example through an appropriate mask. p 
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"Display system utilising light transmitting screen and method of manufacturing same" 

THIS INVENTION relates to a display system, utilising a light-transmitting back projection screen, for a 
television receiver, video monitor, VDU or the like. 

In the interests of reduction in size, weight and volume of television receivers, there has been 
increasing interest in the use of liquid crystal displays, in place of the conventional cathode ray tubes, for 
5 television screens. Indeed, various miniature television receivers have been successfully produced utilising 
LCD screens. However, to date it has not been possible to produce commercially television screens of more 
than about 5 inches diagonal in the form of liquid crystal displays. 

Furthermore, there has been recent interest in the use of back-projection screens in conjunction with 
c.r.t.-type television displays, in order to afford viewing screens which are substantially larger than the 
io largest c.r.t.-type television picture tubes which are practicable. 

It is an object of the present invention to provide a means whereby the apparent size of a liquid crystal 
display screen or of a conventional c.r.t. screen may be increased whilst avoiding the technical problems 
inherent in constructing a liquid crystal display or c.r.t. picture tube of corresponding size and without 
adding to the size, weight or complexity of the apparatus as a whole to an unacceptable extent, and thereby 
;s to provide an improved display system. 

According to one aspect of the invention, there is provided a display system comprising an object 
screen, a rear-projection image screen and a projection system arranged to project an image of the object 
screen onto the rear-projection image screen, wherein the rear-projection image screen comprises a sheet 
of transparent material formed with an array of integral graded refractive index microlenses. 
20 Preferably said rear projection screen is a sheet of transparent plastics in which said integral graded 
refractive index lenses have been formed by selective graded polymerisation of a photopolymerisable resin, 
such polymerisation having been produced by correspondingly varying the exposure of the sheet to light 
over the area of the sheet, during manufacture. 

A preferred method of making the rear projection image screen comprises providing on a substrate a 
25 material having localised variations in refractive index so as to afford said microlenses or lenslets in the 
form of graded refractive index lenses. 

Preferably the method utilises a compound applied to said substrate in monomeric form and which, 
upon selective exposure to ultraviolet light, will polymerise selectively in such a way as to afford said 
graded refractive index lenses and wherein the layer of monomer is initially exposed, to ultraviolet light, at 
30 each of an array of spots over the surface of the layer, to provide the desired microlenses by consequent 
polymerisation of the - orial, the material subsequently being subjected to a blanketing exposure of 
ultraviolet light to complete polymerisation. 

More preferably, the material is raised to its softening temperature intermediate the selective exposure 
and the blanketing exposure, to enhance the refractive index variation within the regions of the microlenses. 
35 According to a yet further aspect of the present invention there is provided a three dimensional display 
system comprising a light-transmitting sheet incorporating a microlens array, as herein defined, a source, or 
respective sources, of two optical images, and means arranged to direct light from said sources to said 
sheet from one side thereof, the arrangement being such that when said sheet is viewed, from the other 
side thereof, by a person having binocular vision, having his eyes located in predetermined positions or 
40 angular orientations with respect to said array, one eye receives light from a first set of said microlenses, 
constituted by every other microlens in said array, while the other eye receives light from a second, 
complementary set of microlenses. made up by the remaining lenses in the array, the arrangement being 
such that each eye in consequence perceives a respective one of said two images, within the limits of said 
screen whereby, when said two images correspond with the respective images of a three dimensional 
45 scene which would be perceived by the two eyes of the person viewing that scene, the person viewing the 
sheet bearing the microlens array perceives a corresponding three dimensional image in the region of the 
array. 

The light-transmitting sheet is preferably so formed that each microlens or lenslet combines the effect 
of a simple converging lens and a thin prism, so that successive microlenses are arranged to deflect the 
50 light passing therethrough to left and to right. This may be achieved by localised shaping of the surfaces of 
said sheet. A sheet of the last-noted character may be formed for example, by casting, moulding or 
pressing an appropriate plastics material in or upon a "master" mould or die having a surface of 
complementary configuration. Preferably, however, at least the converging effect of each microlens is 
provided by localised variations in the refractive index of the sheet in accordance with the first noted aspect 
of the invention. In this case, the sheet may be formed, as noted above, from a polymeric substance of 
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which the refractive index can be varied by exposure to light under certain conditions, (possibly followed by 
an appropriate "development " process). Such a medium, herein referred to as a photopolymer, may be 
recorded into using essentially photographic techniques, for example by an optical contacting process using 
an appropriate master such as a fibre optic face plate or a photographic microdot screen. 
5 The techniques described using photopolymer involve essentially volumetric changes in refractive index 
of the recording material. 

The method described of forming a microiens screen using a photopolymer, utilising a volumetric effect 
is akin to the procedure whereby graded refractive index lenses (G.R.I.N.S) are produced. Preferably the 
substantially tubular microlenses formed by this method are orientated so as to control the arrival of light in 
70 the direction required by the viewer's eye. Thus it is proposed to overcome the problems of directionality of 
the screen which cause the effect of a central "hot spot" when viewing a magnified image from a small 
source. Such directional control may be attained by the adjustment of recording ray directions using a laser 
source in the manufacture of the screen. 

As noted above, any other appropriate technique may be used to produce the microiens screen, for 
/5 example using optical imaging techniques, electron beam techniques or the like. 

Preferably, the display facility comprises a high-resolution liquid crystal display forming the screen of 
an associated television receiver, video monitor, VDU or the like. Alternatively, the display facility may 
comprise a bright cr.t. display tube of relatively small size compared with those utilised in conventional 
domestic television receivers. For convenience of description, however, in what follows, the screen of 
20 display facility on which the optical image originates is referred to as the "LCD screen" to distinguish it 
from the microiens screen. Spaced in front of the LCD screen by a distance of several inches, for example, 
but not necessarily in a parallel plane, having regard to the light-folding techniques which may be used (see 
below), is the aforesaid screen bearing said array of microlenses or lenslets. This screen, in conjunction 
with the microiens array thereon, is herein referred to, for convenience, as the microiens screen. Interposed 
25 between the LCD screen and the microiens screen is an optical system which forms a real image of the 
LCD screen substantially in the plane of the microiens screen. The optical system preferably utilises light 
folding techniques, for example incorporating mirrors or internally reflecting prisms or the like, in order 
effectively to place the microiens screen at a substantially greater apparent distance from the LCD screen, 
from an optical viewpoint, than its physical distance, having regard to the desired limited physical spacing 
30 between the LCD screen and the microiens screen. Thus, for example, the arrangement may be such that, 
with an LCD screen of 3 inches diagonal dimension, and a spacing of 3 inches behind the microiens screen, 
the image perceived by the viewer corresponds in apparent size with an image of the LCD screen, in the 
plane of the microiens screen, which has a diagonal dimension of 13 inches. 

The function of the microiens screen is similar to that of a back-projection screen of translucent 
35 material, such as ground glass, such as used in certain cinematographic techniques or to the focussing 
screen of a reflex camera, in these known arrangements, each portion of the translucent screen actually 
scatters light in all directions and also transmits therethrough, substantially unscattered, a larger portion of 
the light falling on that portion, resulting in the well-known "vignetting" or "hot spot" effect, i.e. a falling off 
in perceived intensity of illumination of the image from the centre towards the edges of the screen. 
40 Furthermore these known arrangements have the additional disadvantage that a substantial proportion of the 
light forming the image is scattered in directions from which there is no requirement that the image should 
be viewable, so that light is wasted. Furthermore, there is, in such conventional arrangements, a certain 
blossoming or fuzziness in the image on the screen. These defects would be significant if such a 
conventional translucent screen were utilised, in conjunction with a back-projection technique, to provide an 
45 enlarged image of a LCD screen of a television receiver or the like. These defects may be avoided in the 
display system embodying the invention by appropriate configuration of the microiens array. 

Thus, the arrangement may be such that to an observer of the screen located within a relatively narrow 
viewing sector with respect to the screen, for an image, on the LCD screen, which is of uniform brightness 
over the width and height of the LCD screen, the corresponding image formed in the plane of the microiens 
so screen is of uniform brightness across the width and height of the microiens screen whereas a negligible 
amount of light passes from the microiens screen to locations outside said viewing sector. The arrangement 
may be such that, at a normal viewing distance from the microiens screen, having regard to the size of the 
image thereon, the width and height of the viewing sector may be no more than a foot or two. 

The principles underlying the invention, and features of preferred embodiments, are discussed below in 
55 more detail with reference to the accompanying drawings wherein:- 

FIGURE 1 is a schematic diagram illustrating a conventional rear-projection display system using a 
diffusion screen as a rear-projection screen, 
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FIGURE 2 is a schematic diagram illustrating how a corresponding effect may be obtained using a 
rear-projection screen comprising a microlens array; 

FIGURE 3 is a schematic diagram illustrating exposure of a surface to light through an apertured 

mask; " 
5 FIGURE 4 is a graph, related to Figure 3, illustrating the variation in intensity of illumination of the 

surface due to diffraction, which may be utilised in manufacturing a system embodying the invention; 

FIGURE 5 is a schematic diagram illustrating exposure of a surface to light adjoining the edge of an 
opaque layer; 

FIGURE 6 is a diagram, similar to Figure 5, illustrating variation in illumination, under an opaque bar, 
10 of a surface illuminated by light partly intercepted by said bar; 

FIGURE 7 is a graph illustrating variation in refractive index with exposure, leading to polymerisation, 

of a polymer; 

FIGURE 8 is a diagram illustrating the configuration of a graded refractive index lens; 
FIGURE 9 shows a variety of imaging conditions for graded refractive index lens; 
75 FIGURE 10 illustrates the concept of the acceptance angle, as applied to a graded refractive index 

FIGURE 11 is a diagram illustrating the manufacture of a microlens screen for a display embodying 

the invention; ^ . 

FIGURE 12 is a diagram illustrating how graded refractive index lenses may be also arranged to act 
20 as light pipes, to secure net deflection of light in a display embodying the invention; 

FIGURE 13 is a diagram illustrating a rear projection screen comprising two active layers. 
By way of illustration, and referring to Figure 1, there is illustrated schematically an imaging system 40 
projecting a real image of an object screen 41, such as a television picture tube, onto a conventional 
diffusion screen 42, such as a ground glass screen. For any light ray, such as illustrated at A, B, C and D, 
25 incident upon the screen, there emerges, from the other side of the screen, a bundle of scattered rays. 
Indicated at P for each ray A, B, C, and D is a respective polar distribution of the relative intensity of light 
from the diffusion screen at various angles with respect to the axis of the original ray A, B, C or D at the 
point of emergence of the scattered ray. The observer sees mainly the central radiation which undergoes a 
narrow diffusion angle, thus he experiences a visual "hot spot" in the central part of the image. This central 
30 "hot spot" is characteristic of simplistic diffusers of the ground glass type. 

Figure 2 illustrates, for comparison, the situation where the conventional diffusion screen of Figure 1 is 
replaced by a screen 44 bearing an array of microlenses M. Each microlens M brings the incident light to a 
focus near the plane of the array. Thus the observer sees the array as a diffusing surface. Such an 
arrangement may be used to afford a television display system where an optical system forms, on the 
35 microlens screen, the real enlarged image of an LCD or c.r.t. television picture screen. 

It will be appreciated that individual microlenses in the array may, according to location, be so formed 
as to combine the effect of a thin prism and a lens proper, and the use of the terms "microlens" and 
"lenslet" herein Is intended broadly so as to cover such effective combinations. 

It will be appreciated that the microlens screen extends over the desired apparent area of the screen, 
40 for example over an area 13 inches square where it is desired that the television screen should appear, to 
the viewer, to be 13 inches square. The display facility is so contrived that, in operation, the LCD screen is, 
from the onlooker's viewpoint, effectively mapped to a larger scale, onto the sheet bearing the microlens 
array, so that each point (or rather pixel) on the screen gives rise to the perception of a corresponding point 
(or rather enlarged pixel) at a corresponding location in the region of the microlens screen, so that the 
45 onlooker sees an enlarged LCD screen. 

The techniques described permit the arrangement of the microlenses to provide a regular positional 
arrangement of the elements. A totally regular array does not introduce any granularity (which may be 
regarded as a species of visual "noise") into the perceived image. Reduced "granularity" due to 
regularisation of the lenslet positions leads to a marked improvement in noise and definition of such a 
so projected image and a display system embodying the invention has. from the point of view of the viewer the 
advantages of providing a brilliant image of uniform brightness across the viewed screen, which image is 
nevertheless sharp and clear. However, excessive regularity may lead to diffraction effects due to the 
fabrication of what is in effect a two-dimensional low frequency diffraction grating. (It is also possible that 
excessive regularity may produce Moire effects particularly with colour TV). Diffraction and Moire problems 
55 can be avoided by the injection of a controlled amount of randomness in what would otherwise be a totally 
regular array. It is also possible to provide the microlens screen with a relief image "moth-eye" surface as 
an adjunct to the microlens array, thus permitting greatly reduced stray light reflection from the screen. 
Some methods of producing a microlens screen for use in a display system embodying the invention 
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are discussed below in greater detail. 

In the methods considered below photographic or analogous techniques are used in the production of a 
microlens screen. 

Two approaches have been considered, the first being aimed at producing ultimately a transparent 

5 sheet having on one surface thereof an array of convex circular areas forming the lenses. This approach is 
referred to herein as the relief image approach. This approach may utilise techniques, known ger se, in 
which a photo-resist layer, on a support, is selectively exposed to light through a screen of some sort. The 
second approach considered involves the use of a variable refractive material to produce the microlenses 
as effectively tubular or cylindrical lenses with their axes extending perpendicular to or nearly perpendicular 

10 to the plane of the microlens screens. The nature and characteristics of such lenses are discussed in more 
detail below. This approach may utilise a technique involving exposure of a photopolymer selectively, again 
through a screen of some sort. In both of the approaches considered, an important feature is the provision, 
in a manner readily implemented, of a predetermined variation of light exposure over the area which is to 
correspond to each microlens array, in the photographic or quasi-photographic technique involved. 

75 Polymeric materials exhibiting variable refractive index are known ger se and are referred to herein as 
photopolymers. Thus, for example, it is known that polymerisation of an acrylamide monomer can be 
promoted by exposure to light, for example laser light. Thus, for example, it is known to produce holograms 
in photopolymers by exposing a layer, consisting of a corresponding monomer dispersed in a suitable 
binder and applied as a coating to a substrate, the degree of polymerisation of the monomer being 

20 dependent on the light intensity in the coating. As a refractive index of the material varies with the degree of 
polymerisation, localised variations in refractive index can be produced on a controlled basis by control of 
localised variation in illumination during exposure. One known material of this character is based on an 
acrylamide monomer. Polymerisation of the monomer may be promoted by exposure to ultraviolet light, for 
example UV laser light, or by incorporating in the monomer coating a bleachable sensitizer rendering the 

25 monomer polymerisable by visible light of a wavelength produced by an available visible light laser or other 
high intensity source, the sensitiser being subsequently bleached out by a bleaching step following 
polymerisation, or, as disclosed in the article "Spectral Photosensitization of a Variable Index Material for 
Recording Phase Holograms with High Efficiency" by M J. Jeudy and J.J. Robillard ("Optics Communica- 
tions" -Volume 13. No. 1 - January 1975) by incorporating in the monomer coating a photochromic 

30 sensitizer which can be temporarily activated, by exposure to ultra-violet light, so as to be temporarily 
absorbent to light of a wavelength in the visible spectrum and simultaneously selectively exposing the 
coating to light, such as laser light, of that wavelength. Thus, for example, the variable refractive index 
material used may be produced, as disclosed in the above-noted reference, in the form of a film comprising 
(prior to exposure) acrylamide monomer, a polyvinyl alcohol binder, triethanolamine as a promoter and 

35 indolinospiropyran as a photochromic sensitizer. 

It is contemplated, as discussed below, that, provided certain conditions are observed, the necessary 
gradation of exposure of the respective photosensitive material over the area of each lens, may be achieved 
using diffraction effects associated with a screen of very simple form. Thus, for example, a screen 
comprising effectively a clear screen carrying in a regular array, a plurality of circular, completely opaque 

40 dots may be used, or conversely, an opaque screen having an array of circular, clear holes. 

If we examine the diffracted light from a clear aperture then we can see that limitations due to 
diffraction may well dominate the effectiveness of the method however. 

Referring to Figure 3, let y' be a coordinate on the imaging screen 50 and y be a coordinate in the 
aperture. Considering the diffracted amplitude at P, and noting that r 2 » (y' - y) 2 + D 2 , the total diffracted 

45 amplitude at P given as 



k = 2-ni \ a where X a is the wavelength in air of the incident light. 

The evaluation of the integral is notoriously difficult but the usual approximation, to remove 1/r outside 
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the integral is easy to justify. More difficult is the approximation to the exponent kr. Usually the far-field 
approximation (D » y, y\ d) is used but this may not be sufficiently accurate. 
First consider the normal far-field approach we approximate thus 



r Or D 



["• 1 



10 



Normally, an imaging lens would be used to collect the light diffracted by the aperture. 

This effectively introduces a phase shift of the form exp(-iky 2 '2f ) where f is the focal length of the lens. 
If we choose D = i then conveniently, the quadratic term in y in the phase factor kr is cancelled. Thus the 
js integral for the amplitude at P becomes 



Ae 

20 



ikr. e i*y 2 /2f dy) 



This integral is now amenable to calculation thus: 
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Note that if D = f* then the awkward quadratic part of the exponent disappears and we have a total 
diffracted amplitude at P of the form 



50 



where £ = kD + ky 2 /2D 
This leads to the result 

55 



BNSDOCID: <EP 02941 22A1J_> 



EP 0 294 122 A1 



TO 



20 



25 



30 



where sine Z - sin Z/Z 
The intensity is then proportion to 
Amplitude x Amplitude" 

where * refers to the complex conjugate. When the multiplication is performed then the 4> dependent term 
disappears and the intensity is proportional to 
sinc 2 (kdy'-'2D) 

This can be represented as shown in Figure 4 showing the typical Fraunhofer diffraction of a slit Figure 4 is 
a graph of light intensity (X-axis) against position (Y-axis). 
The width of the central peak is given by 



55 



kd^y f /2D = 2u or Ayf = 



2D A a 



Though strictly the result should not be applied to the near field case, we can see that for Ay =* d then 
we must have d 2 « 2D \ a which is an approximate condition for a constraint of the diffraction pattern to lie 
within the geometrical shadow. 

Let us try some numbers. Suppose that \ a = 0.5u. Set e.g. D = 100u then a slit of width 



d 42 ,100. oTs 



10p. 



should create a consistent result. This calculation may help to give a guideline in terms of minimum slit 

35 width required to give a diffraction pattern localised to within a sort of geometrical shadow. Clearly this 
calculation is not accurate in a rigorous sense since it applies far-field theory in dubious circumstances. 

Thus in fact, we need a more rigorous theory of short range diffraction to account for the possible 
behaviour of the system. This introduces us to the use of Fresnel's theory of diffraction as distinct from the 
Fraunhofer case so far studied. 

«o in fact, the Fresnel approximately is still only a partially exact guide to the truth but it is a much more 
rigorous approach than that already used. The successive approach to accuracy Is simply achieved by the 
Inclusion of extra terms in the expansion for r the radius factor. Remember that we conveniently eliminated 
y 2 in the previous case by the artifice of the introduction of a lens. Let us now leave out the lens and 
address the problem of Fresnel diffraction at an edge as illustrated in Figure 5 showing Fresnel diffraction at 

4 $ an edge 53 of an opaque screen 55 disposed a distance L above a receiving surface 57, the light being 
incident downwardly on the surface 57 and screen 55, the curve being a graph showing the variation in light 
intensity (y-axis) at surface 57 with horizontal position on surface 57 relative to edge 53. 

Note that the intensity at the observation plane does not fall off sharply into the geometrical shadow. At 
the edge of the "shadow" the intensity is one quarter of the unobstructed value and rises 1.37 of the 

so unobstructed value, (represented by the horizontal broken line), just outside the edge of the shadow 
(represented by the vertical broken line). The variable is defined by the equation 
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where y is the actual length coordinate in the observation plane. The pattern has virtually died out in the 
shadow where v * -3 which allows us to scale the problem in a crude way. Thus we might expect to require 
that an opaque line as shown below be of length v « 6 in order that the edge effects are independent. 
.Figure 6 is a diagram similar to Figure 5 but shows gradation of illumination behind an opaque bar 65. With 
a sufficient length of opaque bar, there is a significant geometrical shadow zone. 
Choose say L = 1 GOu. as before X = 0.5u and we have 

y = 6 J50 or y <v 30|i 
2 



Much depends on the precise sensitometric characteristics of the recording medium. Thus an exposure 
"threshold" means that edge enhancement can be expected. In the technique using a variable refractive 
index photopolymer, the real time properties of the photopolymer may be important. Thus, it is possible that 
a highlight of the Fresnel diffraction pattern will attract more light into it during recording. 

Figure 7 shows a hypothetical An (y-axis) versus exposure (x-axis) plot for a photopolymer. The 
threshold energy represented by the vertical broken line means that nothing happens below this level of 
20 exposure. 

This modelling and that used previously in the Fraunhofer case leads to the conclusion that somewhere 
between 10 and 30 microns is an appropriate obstruction or hole size for a distance factor of 100u. The 
generalisation to cylindrical symmetry for a circular dot is not seen as producing a dramatic change of 
numbers. 

If we can achieve better proximity than IQOu then smaller obstruction sizes can be accommodated. We 
conclude that optical exposure through an aperture can for sufficiently large apertures or sufficiently small 
wavelengths create an illumination pattern of a similar size. 

Considering now in greater detail the technique using variable refractive index photopolymer, the 
discussion below illustrates how the considerations above can be applied to the production of GRIN lenses 
using variable exposure on a medium that exhibits a change of refractive index on exposure to light. Let us 
first look at a conventional GRIN (graded refractive index) lens. 

Figure 8 shows a typical GRIN lens structure. 
The parameters of a GRIN lens are specified thus: 

The refractive index is engineered conventionally to be parabolic with r. Thus 



r 00 



Here n QO is the refractive index on the optical axis and A is a positive constant. Note that the refractive index 
decreases with r, thus to simulate the effect with a photopolymer will require a clear hole screen, not a 
black dot screen, in a contact recording situation. 
We define the pitch p as follows: 
P = 2tt/ VA 

If we know the pitch we can define various imaging characteristics by vary the length of the lens. 

Figure 9 shows a variety of imaging conditions for GRIN lenses. 
In the case considered in which an array of such lenses is formed in a layer of photopolymer, varying the 
length of each GRIN lens would correspond to varying the thickness of the imaging medium. Looking at the 
diagrams, we probably want to specify L = 0.25P. Defining r max as d/2 where d is the diameter of the lens 
we then have 
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Now let us define An = naxis - n edge and we have approximately 

An * Ad 2 

where n is the average value of the refractive index. Let us now work out an example e.g. L = 50u (layer 
thickness of medium) d = 10u, n - 1.6, and now find the value of An required to give the right length to 
pitch ratio. Evidently 

since L = 0.25P ~ (0.25)2tt/ VA we then have 

An _ d 2 (0.25 x 27T) 2 100 (0,25 x 27T) 2 = Q Q ^ 2 
n = 8 L 2 8 <50) 2 



which gives a value An = 0.02. This result is achievable in practice, for example using a thick layer of a 
photopolymer such as polyacrylamide (see below). 
20 The compromises discussed here lead to a possible compatible solution to the lenslet problem. The 
layer must be adequately thick consistent with the available value of An. For the pitch condition L = 0.25P 
then the acceptance angle is given by 



25 



30 



sin"'[o.25) « U*30' 



35 



This determines the angular acceptance condition for the lenslet at its receiving surface. 

Figure 10 illustrates the concept of the acceptance angle, which defines the angular range over which 
the incoming ray suffers total internal deflection or "trapping". 

The equivalent focal length is 



40 
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n axis ^ sin (L/T") 
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but L - 0.25P - (0.25)2n//T* 
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Let us evaluate the quadratic constant A and make comparison with a commercially available SELFOC lens. 
For our case, we have 
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77 r / 8 Ap = ^/ 8 » <°-022 s o.032/micron = 32/mm 
nd 2 " 1.6 100 

This is to be compared with miniature lenses of the solid fabricated type e.g., L = 5.2 mm. d - 2.0 mm, 
^/A = 0.3/mm. The notable difference is our ability to manufacture a lens with the very high index gradient 
of the optically generated case as compared with the relatively low value of the solid fabricated case. 
10 We can now see that if a wider angle of acceptance is required then since 

8 - sin (n #xis f / A] - sin {n^ 5 —J 

our only choice is to reduce L but we can only do this if we increase An. 

Let us briefly examine the consequences of increasing An to 0.1. Keeping d at the 10u level we could 

reduce 

L in the ratio J °«° 2 giving a length L 
20 0,1 

= 0.44. 50u = 22u. 

This then increases the acceptance angle to 

ft i - ^n-'fn d. 2 ft (0,25) ) m Ml -if, 6 2/i (0.25) 10) 
. 6 • sin Taxis 2 ~1? J sln I 1 - 6 2 22J 



= AS* 

The effect is thus dramatic. 

It may be possible to obtain a significant increase in An if, after the initial imaging exposure to ultra 
violet light, the polymer is heated to its softening temperature for a period, before being allowed to cool and 
subjected to the final "blanketing" exposure to ultraviolet light. It is thought that the heating, by increasing 
35 the mobility of molecules in the polymerAmonomer layer, allows further migration of monomer molecules 
towards the initially exposed and polymerised areas, and thus enhances the process which was com- 
menced by the initial exposure. 

The modelling of lenslets outlined in this section is restricted to the known case of the parabolic 
refractive index distribution but clearly, the ideas are of relevance in more general cases of arbitrary 
40 distribution of index. Evidently we only need to produce cylindrical elements with an increasing refractive 
index towards the centre in order to simulate the results discussed here. The general case of a non 
parabolic distribution is difficult theoretically but can be tackled as a computational exercise. 

Clearly, part of the subtlety of the lenslet problem is the achievement of a focusing effect. Note that this 
cannot happen when the refractive index is not profiled. Thus a step discontinuity in the refractive index at 
45 the edge will only simulate the performance of an optical fibre and the angular distribution with respect to 
acceptance and emergence will be accordingly limited. 

We finally conclude that diffraction around an opaque obstacle such as a small dot should either in 
direct or complementary form lead to a diffraction pattern that is capable of encoding a cylindrical lenslet of 
approximately the form described here. The natural Gaussian profile of a laser beam may alternatively be 
50 exploited in the case of individual dot recording as with a scanner for example. 

As noted above, it is proposed to manufacture the microlens screen by a technique based on exposure 
through a clear dot mask screen into a material which exhibits variation of refractive index on exposure to 
light of spatially variable intensity. 

The scheme proposed is to use a specially prepared dot screen derived from direct negative production 
55 and copy into positive daughters. The screen may. for example, be made from an Eastman Kodak graphic 
arts plate with an emulsion thickness of approximately two microns. This material is favoured since it is 
orthochromatic and thin enough to avoid diffraction effects within the mask layer. It is expected that in a 
production environment the irradiation of the polymeric surface through the screen will be effected by light 
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from a u.v. laser such as an excimer. With such a source we can expect to achieve many watts of u.v. and 
the ability to expose quickly and efficiently. The other big advantage of the u.v. is the lessening of 
diffractive effects due to the shorter wavelength (« 200 nm). 

Irradiation can take place via a collimation system or perhaps using a scanner, as illustrated in Figure 

5 11, in which a laser beam 60 is directed to a mirror 62 which is moved so as to cause the laser beam 
reflected thereby to scan the layer 64 of monomer, to be selectively polymerised, through the dot mask 66. 

Ultra violet is favoured for polymerisation of the photopolymer precursor, because the 
polymer/monomer is naturally sensitive to the ultra violet. Hence no sensitising dye is required and an 
absolutely clear polymer layer can be produced, without the need for any bleaching step to bleach out a 

io sensitizer. 

The polymer referred to above is, strictly speaking, a polymer only after the imaging exposure which 
produces, in the method in accordance with the invention, the array of microlenses. 

The material is initially in a monomeric form, comprising a viscous fluid which is applied as a coat upon 
a supporting substrate, upon which it is exposed to the desired dot mask image, in ultraviolet light for a 
75 period, as a result of which polymerisation occurs initially in the illuminated areas, with migration of 
molecules of the monomer towards these areas of polymerisation. Subsequently, the entire coating may be 
subjected to a "blanketing" exposure to ultra-violet light to polymerise the remainder of the material. 

Note that in the irradiation geometry, it is possible to direct the angular arrival of the irradiation and thus 
to tilt the lenslets 70 according to their position on the screen (72) surface, as illustrated schematically in 
20 Figure 12. 

The introduction of net optical directivity into the screen is an interesting possible variation in the 
scheme of things. 

It is also contemplated that by using non-profiled dot screens in contact with profiled forms it may be 
possible to manipulate the light distribution for hot spot removal, for example as illustrated in Figure 13, 

25 where reference 74 denotes a simulated glass-fibre screen (in which the fibres extend perpendicular to the 
screen surface from one face to the other) in contact with a "profiled" graded refactive index microlens 
screen, both screens being formed as polymer layers. As indicated at 78, guidance of rays, such as ray 80 
striking the screen 74 obliquely, is effected by total internal reflection of the ray within the respective cell or 
simulated optical film, of screen 74. 

30 Note that in ail irradiation geometries the direction of the light is important. Diffuse illumination of the 
contacted system will lead to a scrambling of the microlens image in the depth of the imaging medium. 

It is necessary to address the problem of intimacy of contact of the photopolymer layer with the screen 
through which it is exposed and it is stressed that the polymer can be stuck down on to the mask screen 
whilst still in its sticky monomeric form. Irradiation will then cross link the polymer and produce a tough 

35 peel-off layer which can be transferred to a rigid clear substrate. This self adhesive property is highly 
advantageous. 

It is contemplated that manufacture of microlens screens on a production basis might utilise an endless 
substrate, for example of smooth plastics sheeting in the form of a conveyor belt which is coated with the 
monomer, at an upstream end of a working run of the belt, subsequently passes beneath a scanning 

40 ultraviolet laser, by means of which the individual "microlens" areas are exposed one by one, over the 
surface of the material, as it is conveyed onwards, whereafter the conveyor, possibly after passing through 
a passive area to allow each exposed "microlens" area to "cure" for a period, passes through an oven to 
raise the temperature of the material to around 100* C, subsequently passes through a cooling region in 
which it is allowed to cool, then passes through a region where it is subjected to "blanketing" ultraviolet 

45 radiation to polymerise the remaining monomer, and finally passes to a station where the polymer is 
stripped from the substrate and cut transversely into discrete rectangular sheets of the polymer, comprising 
individual microlens screens. 

If desired, the polymer may be sandwiched between upper and lower sheets of transparent plastics, 
both for protection of the polymer, and for security reasons, to avoid analysis of any surface contour of the 

so polymer with a view to unauthorised reproduction of the array of microlenses. 

More specifically, the unexposed fluid monomer may be sandwiched between such transparent sheets 
prior to exposure to ultra-violet light, and consequent polymerisation, or, alternatively, the exposed sheet of 
polymer, incorporating the microlenses, may be sandwiched between such plastics sheets, for example with 
the interposition of a transparent bonding medium, after exposure and polymerisation. 

55 Photopolymers are available, suitable for use in carrying out the invention, which have the additional 
advantages of being hydrophobic and, in the polymerised form, having good stability under normal 
domestic ambient conditions so that it is not necessary to maintain rigorously controlled ambient conditions 
during manufacture, to adopt extreme precautions in handling, nor to provide additional protective layers 
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(although, as indicated above, these may be utilised for other reasons). 

In a further method of manufacturing a microlens screen incorporating a relief patterning forming 
microienses of conventional form, a master sheet of a suitable deformable material, such as a soft metal is 
"scanned" by an imprinting device arranged, at each activation to form a complementary depression 

5 (corresponding to a single micro lens) on the surface of the master sheet, such scanning being effected by 
indexed movement of the imprinting device and/or of the master sheet, with the imprinting device being 
activated at each step. The imprinting device may take the form of a small diamond, having an 
appropriately configured tip, (e.g. having a convex part-spherical surface where the master sheet is to form 
a "negative" of the microlens screen surface, or having a concave part-spherical surface where the master 

70 sheet is to form a "positive" of the microlens screen surface), the diamond being mounted on a piezo- 
electric motor element arranged to be electrically activated to thrust the diamond tool into the material of 
the master sheet. 

It has been found that improved results are obtainable by arranging for the microlens screen to impart a 
predetermined angular deviation to the light rays passing therethrough, and for the observer to be located 

15 along the path of the deviated light so that he views the screen at a substantial angle with respect to the 
principal optical axis of the projection system. This is preferably achieved by inclining the microlens screen 
slightly relative to the principal optical axis of the projection system, with the microienses being arranged to 
impart the desired deviation. Where graded refractive index lenses (QRINs) are used, as described above, 
such deviation arises automatically from the nature of the lenses which act. in some respect like fibre-optic 

20 devices. In such a system the microlens screen is inclined both with respect to the optical axis of the 
projection system and to the line of sight of the observer. 

The off-axis projection/viewing, as described above has been found to substantially reduce diffraction 
effects, to afford better colour balance in the image viewed, and substantially to eliminate frontal scattering 
of light from the microlens screen, affording improved contrast and colour saturation. It will be appreciated 

25 that inclination of the microlens screen, relative to the principal axis of the optical projection system 
presents potentially the problem of a "keystone" effect, which can, however, be eliminated by appropriate 
modification of the optical system, or by compensatory configuration of the LCD screen, or electronic or 
constructional compensatory measures applied to a c.r.t. display, where such is used. 

A variant of the microlens screen arrangements discussed above may be used to enable a three- 

30 dimensional display system to be provided which .avoids some of the disadvantages of known systems. 
Thus, there may be provided a three dimensional display system comprising a light-transmitting sheet 
incorporating a microlens array, as herein defined, a source, or respective sources, of two optical images, 
and means arranged to direct light from said sources to said sheet from one side thereof, the arrangement 
being such that when said sheet is viewed, from the other side thereof, by a person having binocular vision, 

35 having his eyes located in predetermined positions or angular orientations with respect to said array, one 
eye receives light from a first set of said microienses, constituted by every other microlens in said array, 
whilst the other eye receives light from a second, complementary set of microienses, made up by the 
remaining lenses in the array, the arrangement being such that each eye in consequence perceives a 
respective one of said two images, within the limits of said screen, whereby, when said two images 

40 correspond with the respective images of a three dimensional scene which would be perceived by the two 
eyes of the person viewing that scene, the person viewing the sheet bearing the microlens array perceives 
a corresponding three dimensional image in the region of the array. 

In an embodiment of the invention incorporating these features, the two image sources comprise 
respective liquid crystal display screens of the type used in miniature television receivers and which are 

45 composed of a large number of individual display units, referred to as pixels. The two LCD screens may be 
arranged in substantially the same plane, side by side, and facing in the same direction. Mounted in front of 
the two screens, parallel therewith and at a distance therefrom is a light-transmitting screen bearing an 
array of microienses or lenslets, the array sheet and the LCD screens being fixed in position relative to one 
another. Said light-transmitting screen is herein referred to as the "microlens screen". The microlens screen 

so is centred on, and is normal to, a central axis passing between the two LCD screens and with respect to 
which the LCD screens are symmetrically disposed. The microienses or lenslets in the array are so 
configured that each, typically, combines the effect of a thin prism and a lens proper. That is to say, each 
lenslet is characterised by a respective angular deflection which it will impart to a ray passing therethrough. 
Each lenslet may thus be said to be "coded" with a respective deflection angle. Furthermore, alternate 

ss microienses in the array are effectively assigned to different ones of the two LCD screens, so that the 
microienses may be regarded as belonging to a first set, assigned to the first LCD screen and including 
every other microlens in the array, and a second set, assigned to the second LCD screen, and including the 
remaining, intervening, microienses in the array. The microlens screen is ideally viewed by an observer with 
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binocular vision, from a predetermined position, such that he is viewing the microlens screen "square on" 
and is directly facing the screen and at a predetermined distance therefrom. This position is herein referred 
to as the ideal observer position. The microlenses of the first set are arranged to direct light from respective 
portions of the first screen to the right eye of an observer located in the ideal observer position whilst the 

5 microlenses of the second set are arranged to direct light from the second LCD screen towards the left eye 
of the observer in the ideal observer position. Expressed in another way. the lenslets are given an angular 
encoding alternately of a small angle to the left and to the right of the central axis, and the two video 
images from the two LCD screens are supplied to the microlens array in such a way that they reach the 
microlens screen at an off-axis angle equivalent to the microlens encoding. The microlens of the first and 

to second set respectively are preferably arranged to direct no light at all to the left and right eye of an 
observer in the ideal observer position. This may be readily contrived for example, by arranging that the 
respective optical images presented to the right and left eyes of the observer in the ideal observer position 
are optical images of matt black areas. This may be done in various ways, for example using a shadow 
mask interposed between the LCD screens and the microlens screen so that only the microlenses that are 

15 at the particular appropriate orientations are addressed by the respective incoming image to either left or 
right of the central axis. 

In consequence of the arrangement described, each eye of the observer located in the ideal observer 
position will perceive, within the portion of the visual field bounded by the edges of the microlens screen, 
the image on the first LCD screen with the right eye and the image of the second LCD screen with the left 

20 eye. If the images presented by the first and second LCD screens correspond with the views which would 
be presented to the two eyes of the observer viewing a three dimensional object or scene then the viewer 
of the microlens screen will perceive a corresponding three dimensional reproduction of the original image 
or scene. Thus, if the picture content of the first and second LCD screen corresponds substantially with that 
derived, for example, from respectively first and second TV cameras of a twin-camera device scanning a 

25 three dimensional scene and having the lenses of said first and second cameras arranged in a manner 
corresponding to the arrangement of the two eyes in a human head, then that scene will effectively be 
viewed in three dimensions by the observer viewing the reproduced images from the ideal observer 
position. 

It will be appreciated that the microlens screen may at the same time present to the respective eyes of 

30 the observer enlarged views of the two LCD screens. 

It will be appreciated, of course, that the above described 3-D system is not confined to arrangements 
utilising miniature or LCD screens to provide the image sources. The two image sources might, instead, be 
provided by two cathode ray tubes, or two film projection screens, for example. However, it is considered 
that the use of LCD screens in the manner suggested will allow such screens, together with the microlens 

35 screen, to be incorporated into a unit no bigger than a conventional television receiver. 

Whilst, for ease of description, the operation of the display system has been described in terms of the 
observer being located in a predetermined position and orientation relative to the microlens screen, it will be 
appreciated, from a consideration of optics and from psychophysical considerations, that the desired three 
dimensional effect will be perceptible over a relatively wide range of positions around the ideal observer 

40 position, for whilst, in some observer positions other than the ideal position, there may be deficiencies such 
as the incomplete perception of one or other of the images, or the perception of relatively displaced parts of 
the two images by one or the other eye of the observer, such deficiencies will not necessarily be 
particularly prejudicial to the acceptability of the effect. 

Whilst, for ease of description, the LCD screens have been described as being located directly behind 

45 the microlens screen at some distance therefrom, symmetrically about said central axis of the microlens 
screen, in practice, there may be interposed between each LCD screen and the microlens screen a 
respective optical system utilising light folding techniques, for example incorporating mirrors or internally 
reflecting prisms or the like, and/or lenses, curved mirrors, etc. whereby the LCD screens merely appear, to 
the microlens screen, to be in the specified locations. Such light folding techniques afford greater latitude in 

so the physical positioning of the LCD screens, (for example in accordance with other design requirements), 
and allow the apparatus to be made compact in the front-to-back dimension. 

It may not be necessary to have complete left and right images provided by the second and first LCD 
screens or the equivalent It is possible that, for example, 80% of the image content may be derived from 
one source and 20% from the other and that a three dimensional effect would still be afforded without using 

55 a shadow mask. 

In a further variant of the invention, a GRIN microlens screen as described above may have a reflective 
layer applied to one surface thereof, for example by making the substrate, to which the monomer layer is 
initially applied before photo polymerisation and which supports the layer of photopolymer in the finished 
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product, of metal foil or of metallised polyester. In this variant the optical imaging system is arranged to 
direct the light from the LCD or c.r.t object screen through the photopolymer/microlens layer, to reflect from 
the metallic or metallised layer and pass through the microlens layer once more towards the viewer. In this 
arrangement, although the screen as a whole acts as a reflective or front-projection screen, the diffusion 

5 effect is obtained, as in the previously described embodiments, by the array of graded refractive index 
microlenses in the light transmissing polymer layer, and the term "light-transmitting" as used herein in 
relation to the screen should be interpreted so as to cover the last-noted variant. 

It will be appreciated that, in the microlens screens, utilising GRIN microlenses, discussed above, the 
effect of the screens is a volume effect, rather than a surface effect, and, indeed, the screen surfaces are 

w preferably perfectly flat. Because the proposed microlens screens utilise volume effects in relatively thick 
layers, it is possible to utilise "light pipe" effects, for example as mentioned In relation to Figures 12 and 13 
in addition to straightforward simulation of the effects of conventional lenses, to secure the desired result. 

Whilst the embodiments discussed above make reference to television display systems in which a 
television picture tube or LCD screen affords the object screen of which an image is projected on the 

is microlens screen, it will be understood that the invention may equally be applied to analogous display 
systems such as microfiche viewers, slide viewers, video display units for computer and other use, and so 
on. 

20 Claims 

1. A display system comprising an object screen, an image screen and a projection system arranged to 
project an image of the object screen onto the image screen, wherein the image screen comprises a sheet 
of transparent material formed with an array of integral graded refractive index microlenses. 

25 2. A three-dimensional display systems comprising an image screen comprising a sheet of transparent 
material incorporating a microlens array, as herein defined, a source, or respective sources, of two optical 
images, and means arranged to direct light from said sources to said sheet, the arrangement being such 
that when said screen is viewed by a person having binocular vision, having his eyes located in 
predetermined positions or angular orientations with respect to said array, one eye receives light from a first 

30 set of said microlenses, constituted by every other microlens in said array, whilst the other eye receives 
light from a second, complementary set of microlenses. made up by the remaining lenses in the array, the 
arrangement being such that each eye in consequence perceives a respective one of said two images, 
within the limits of said screen, whereby, when said two images correspond with the respective images of a 
three dimensional scene which would be perceived by the two eyes of the person viewing that scene, the 

35 person viewing the sheet bearing the microlens array perceives a corresponding three dimensional image in 
the region of the array. 

3. A display system according to claim 2 wherein said sheet of transparent material is formed with an 
array of integral graded refractive index microlenses. 

4. A display system according to claim 1 or claim 3 wherein said image screen is a rear projection 
40 screen. 

5. A display system according to claim 1 or claim 3 wherein said image screen comprises said sheet of 
transparent material having a reflective layer fixed to one surface thereof, the projection system being 
arranged to project light through said sheet of transparent material to strike said reflective layer and be 
reflected back through said transparent material, whereby said image screen is a front projection screen. 

45 6. A display system according to claim 1 or claim 3 wherein said transparent material is a transparent 
photopolymer in which said integral graded refractive index lenses have been formed by selective graded 
polymerisation of the photopolymerisable resin, such polymerisation having been produced by correspond- 
ingly varying the exposure of the sheet to light over the area of the sheet, during manufacture. 

7. A display system according to claim 6, wherein said transparent plasics comprises polyacrylamide. 

so 8. A method of manufacturing a display system according to claim 4 including the steps of. providing 
said object screen or screens, providing said projection system, and providing said rear image projection 
screen by a process including applying a layer of a photopolymerisable monomer to a substrate and 
selectively exposing said layer to ultraviolet light at each of an array of spots over the surface of the layer to 
cause the monomer to polymerise selectively in such a way as to afford said graded refractive index lenses 

55 in a corresponding array. 

9. A method according to claim 8, wherein, in said process, after the selective exposure of said layer at 
said spots, and the consequent selective polymerisation, the layer is subjected to a blanketing exposure to 
ultraviolet light. 
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10. A method according to claim 8 or claim 9 wherein, after the selective exposure to ultraviolet light, 
and before any blanketing exposure, the material of said layer is raised to its softening temperature to 
enhance the refractive index variation within the regions of the microlenses. 

11. A method according to any of clams 8 to 10, wherein said selective exposure is effected by 
5 exposing the layer to ultraviolet light through a mask comprising a clear screen carrying an array of 

completely opaque dots, or an opaque screen having an array of clear holes, and wherein diffraction effects 
are utilised to provide a desired variation in exposure across the region of each microlens. 

12. A method according to any of claims 6 to 8 wherein said selective exposure is effected by exposing 
the individual microlens areas of said layer, one by one to the beam of an ultraviolet laser and utilising the 

w variation in intensity of light throughout the cross-section of the laser beam to provide a desired variation in 
exposure across the region of each microlens. 
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